Abstract: Bioactive compound, namely piperine, was extracted from Sarawak black pepper using supercritical carbon dioxide extraction. Experiments were carried out in the range of 3,000-5,000 psi (20.7-34.4 MPa) pressures, 318-328 K temperatures, 0.4-1 mm mean particle sizes and 5-10 ml/min carbon dioxide flow rates. Experimental data analysis shows that extraction yield is mainly influenced by pressure, particle size and coupled-interactions between these two variables. Extraction process was modeled accounting for intraparticle diffusion and external mass transfer. The kinetics parameters for the internal and external mass transfers were evaluated and estimated. Mass transfer correlation was also developed. From simulation results, good agreement between experimental and simulated data has been found.
Introduction
Pepper, being the "King of Spices," is invariably popular as an ingredient in sauces, seasonings and condiments. Among the best peppers in the world, Malaysian pepper is one of them. Pepper has been cultivated in Malaysia for more than 100 years and this agricultural crop has placed Malaysia as one of the leading pepper producer in the world. The state of Sarawak accounts for 95% of Malaysia total production [1] and this figure is about 25,000 tones annual production rate. Generally, there are two main types of peppers produced in Sarawak: black and white peppers (Figure 1 (b) and 1(c)) where black pepper contributes to 70% to 75% of the total production of Sarawak pepper [1] .
Black pepper (Piper Nigrum L. (fam. Piperaceae)) is derived from the pepper plant as shown in Figure 1 (a). It is a large woody vine where it can grow to the heights of more than 30 feet in the hot and humid climates. The benefits of black pepper are believed exceeding far beyond its ability to add great taste to a wide variety of dishes. Some scientific studies suggested that black pepper may have a number of important health benefits and one of the most important benefits is its ability to improve digestive system and promote intestinal health [3, 4] . Moreover, recent research indicates that piperine, the major bioactive compound in the black pepper extracts, may act as antidepressant, antioxidant, antiproliferative and a pain-relief agent [5] . Additionally, black pepper also contains approximately 2%-6% essential oil [1] , where it plays a major role in the manufacture of perfumery and confectionery products. Therefore, the extracted oils of black pepper have sufficient resources for nutraceutical medicines and specialty chemicals.
Beside its promising medical benefits above, another advantage of having black pepper oil is that it can be stored easily and safely than ground pepper [5] . Hence, there is much interest in its extraction and recovery procedures. Steam distillation has traditionally been applied for essential oils recovery from plant materials. However, the use of these hydrodistillation methods, involving high temperature process, may cause chemical alteration of the compounds and these heat-sensitive compounds can be easily affected. Hence, the quality of the extract is severely impaired [6] [7] [8] [9] .
Other alternative methods to isolate heat-sensitive natural active compounds are solvent extraction techniques using organic solvents such as hexane or dichloromethane. However, the massive wide scale use of organic solvents as separation (extraction) agents by a diverse of global industries have been viewed as a serious threat to the environment. Consequently, there are pressures for industry to adopt new sustainable process which do not require the use of environmentally damaging organic solvents. In this regard, supercritical fluid extraction has been sought as an alternative to the conventional extraction methods. Supercritical fluid extraction is an attractive technique because of its effectiveness, rapidness and non-toxicness. The use of supercritical fluids, especially carbon dioxide, in the extraction of plant volatile components has increased during the past two decades due to the expected advantages of the supercritical extraction process above. Therefore, nowadays, supercritical fluid extraction technique has gained popularity in bioactive compounds recovery from plant materials as indicated by numerous publications in the past 10 years [6] [7] [8] [9] [10] [11] [12] [13] [14] . These include isolation and recovery of bioactive compounds from black pepper.
Extraction of bioactive compounds from pepper is a series of mass transfer processes. The mechanisms of these mass transfer processes consist of two main steps: internal and external mass transfers. Internal transfer is the diffusion of bioactive compounds from the interior sides to the surface of the solid particle of pepper. Then, the compounds cross the particle film, separating the particle surface from the fluid, travel to the fluid phase and diffuse within the flow of the fluid phase in the supercritical extraction bed (external transfer). These mechanisms can be represented by kinetic mathematical models and they can be solved to obtain the kinetics parameters (mass transfer coefficients). These appropriate models and the kinetics parameters can be utilized to facilitate the scale-up from laboratory data into industrial design.
A number of researchers have conducted supercritical carbon extraction of black pepper [1, [15] [16] [17] [18] [19] [20] [21] [22] [23] . Among these existing works, few efforts also have been made in addressing mass transfer modeling and kinetics of supercritical carbon dioxide extraction of black pepper oil [17] [18] [19] [20] [21] . However, despite their promising results on the modeling and kinetics studies, most of these works only focus on finding mass transfer coefficients. To date, the publications on the establishment of mass transfer correlation for supercritical fluid extractions are limited to extraction of wood [24] , roasted peanut oil [25] , evening primrose [25, 26] , rapeseed, rosehip seed and olive husk [27] , valerian root oil [28] , microalgae [29] and palm oil kernel [30] . Meanwhile, publications of mass transfer correlation for black pepper oil extraction using supercritical fluid are very scarce. Therefore, in this work, experimental study and an integrated mass transfer modeling in finding both mass transfer coefficients and correlation are presented.
Experimental

Materials
Ground black peppers with mean diameters of 0.4 mm, 0.8 mm and 1 mm were obtained from Malaysia Pepper Table 1 . The carbon dioxide used in this study was supplied by Eastern Oxygen Industrial Sdn. Bhd., with a purity of 99.99%.
Apparatus
The apparatus used in the experiment is a bench-scale apparatus of Supercritical Fluid Technology Model 100 as shown in Figure 2 . It consists of a dual pistol pump producing high pressures required for supercritical fluid work, a 100 ml extraction chamber with 12,000 psi of design pressure and a restrictor valve providing precise control over CO 2 flow rate. The liquid CO 2 is circulated through a pre-heating coil where it is heated to a supercritical condition depending on the operating pressure set in the extraction column. CO 2 rapidly diffuses into the porous particles, dissolves the bioactive compounds and moves across a resistant film between the solid surface and the bulk liquid.
Methods
In a typical experimental run, 40 g of ground Sarawak black pepper was placed into the extraction vessel. Fiber glass wool (thickness ¼ 5 mm) was also placed on both sides of the column to prevent tubing blockage. Leak test was performed to every nozzle of the tubing system before the experiment. The column was then heated and pressurized to the particular parameters. Static extraction was carried out by soaking the pepper particle in supercritical CO 2 for 10 minutes. Saturated CO 2 was drained out by twisting the restrictor valves while the solvent was continuously pumped to the chamber with specified flow rate to maintain the pressure set point. Amber collecting vial was used to collect the extracted oil as bioactive compounds are sensitive to light. The collection steps were completed when the solvent was drained out with analyte and the column was re-pressurized for the next cycles of experiments. The collected extract was weighted at the end of each cycle. The process was ended when the increment of solute mass is less than 0.15 wt%.
Experiments were performed for various coupling of parameters: pressures of 20.7 MPa (3,000 psi), 27.6 MPa (4,000 psi) and 34.4 MPa (5,000 psi); temperatures of 318 3 Experimental results
Extraction curve
To develop extraction curve, experiments were conducted until constant mass of solute in the extract is reached. The extraction yield was plotted against extraction time to obtain an extraction curve as shown in Figure 3 . The curve was then compared with the extraction curves from Zhiyi et al. [21] and it is evident that all curves indicate similar patterns. As seen in this figure, it is obvious that the extraction process consists of three periods of extractions, and these are consistent with extraction curves from other literatures [19, 32] .
(i) Constant extraction rate (CER): At this period, extraction of easily accessible oil occurs. Therefore, the highest extraction rate is achieved at this period as represented by the highest slope compared with slopes in other regions. Mass transfers mainly depend on the solute solubility on those particular operating conditions. (ii) Falling extraction rate period (FER): The extraction rate begins to decelerate due to depletion of the easily accessible oil at the early stage of the fixed bed column.
(iii) Diffusion-controlled period (DC): Solvent diffuses into porous particle to dissolve the compounds trapped in the solid substratum and then backdiffuses the dissolved compounds to the solvent. DC period is continued until the entire bioactive compounds in the solid particle is extracted. Low extraction rate is observed as represented by a flat line (almost constant extraction rate).
Statistical analysis
Design-Expert Software was used to perform statistical analysis of the experimental results. Two-factor interaction model was selected to present the extraction yield. Eq. (1) illustrated the experimental results by considering linear effect and two-factor interaction of the parameters, where T is temperature in°C, P is pressure in psi, Q is CO 2 flow rate in ml/min and d p is particle size in mm.
The analysis of variance (ANOVA) for linear model with interaction terms for each parameter, namely temperature (T), pressure (P), solvent flow rate (Q) and (T = 45°C,P = 3,771 psi,dp = 0.542 mm) (T = 45°C,P = 5,000 psi,dp = 0.8 mm)
(T = 45°C,P = 3,190 psi,dp = 0.542 mm) (T = 45°C,P = 2,320 psi,dp = 0.542 mm)
A-B constant extraction rate region B-C falling extraction rate regiont C-D near zero extraction region Table 2 . It is analyzed that P, Q, d p , Td p and Pd p are the significant factors with confidence level >95%. ANOVA in Table 1 also indicates that operating pressure and black pepper particle size are two main influencing variables (represented by their mean squares are much greater than P-values), followed by Pd p interaction. Meanwhile, solvent flow rate and Td p interaction have the moderate influences to the extraction process.
Mathematical modeling
The following assumptions were used to develop the process models [21] : (i) Uniform pepper particle size in spherical shape was used.
(ii) All the components to be extracted behave similarly in the mass transfer and therefore could be described by a single component called the "solute." (iii) CO 2 flows uniformly through every section of the extractor. Pressure drop and temperature gradients within the column were neglected.
(iv) Volume of concrete remains the same. (v) Pepper oil in the mobile phase is the function of time and height of the extractor. Flow diagram for a packed bed extraction column, internal structure of the solid particle and concentration profile of the solute within particle and fluid film can be seen in Figure 4 . In this work, the kinetic mathematic models were derived based on the two main mechanisms taken place during oil extraction processes: internal and external mass transfers.
Internal mass transfer model
Internal mass transfer phenomenon is illustrated by 
Since there is no mass generation during the process, therefore the terms rate of generation of solute mass is equal to zero. Eq. (2) 
The internal mass transfer model then can be obtained by applying Fick's law of diffusion on eq. (3):
Rearrange eq. (4) and divide it by Δr 2 :
Taking the limit as Δr→0 gives the final internal mass balance equation: On the assumption that initially the solvent is solute free and all particles have same initial solute content, then the boundary conditions for the system are:
External mass transfer model
External mass transfer of pepper oil can be described as the movement of pepper oil outside the solid particle as shown in Figure 6 . This external mass transfer consists of two processes: mass transfer of solute from the surface of particle to the solvent by convection and diffusion of pepper oil in the bulk flow of solvent. Figure 4 Flow diagram for a packed bed extraction column, internal structure of the solid particle and concentration profile of the solute within particle and fluid film [33] Internal mass transfer r + ∆r R r 
By applying Fick's law of diffusion and steady-state process occurs, eq. (9) becomes
By rearranging eq. (10), dividing it by A. Δz and taking the limit as Δz→0, the final external mass balance equation is:
The initial conditions given as follows:
Meanwhile, boundary conditions at the inlet of column as well as at the outlet condition are as follows [34] :
For the purpose of simplicity, it is easier to analyze variables in the differential equations above in dimensionless form. Therefore, several dimensionless groups are defined [34] .
With these dimensionless groups, eq. (6) becomes
and its dimensionless boundary conditions are
Meanwhile, eq. (11) becomes
Finite difference approximation
The dimensionless partial differential models in eqs. (16) and (19) need to be numerically solved by applying finite differential analysis (FDA). Through FDA using CrankNicolson method, the matrix forms of the partial differential equation can be obtained and by using initial and boundary conditions they are solved to obtain solute concentrations within the solid and extract. CrankNicolson method was chosen since it performs better than explicit and implicit approaches [35] . The matrix forms of FDA analyses for eqs. (16) and (19) are shown as follows. Eq. (16) becomes
and eq. (19) becomes
T
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Mass transfer coefficients
Using experimental data, eqs. (23) and (24) were solved simultaneously to obtain predicted solute concentration in the solid's pore and extract. To do so, three coefficients in the square brackets [] need to be determined first. These coefficients are important mass transfer coefficients: the effective molecular diffusion coefficient within the solid (D e ), convective mass transfer coefficient from solid surface to the solvent (k c ) and axial diffusivity coefficient of solute in the solvent (D L ). External mass transfer coefficient (k c ) was determined by trial-and-error method which is outlined in Figure 7 . These procedures were performed using MATLAB 7.1 software. The effective molecular diffusion coefficient, D e (m 2 /s), can be estimated using [8] :
where D 12 is the molecular diffusion coefficient (m 2 /s) and " p is the internal particle porosity. The molecular diffusion coefficient, D 12 can be calculated using the Wilke and Chang equation [34] :
where β is the solvent association constant, M is the molar mass of solvent (kg/kmol), T is the solvent temperature (K), μ is the solvent viscosity (mNs/m 2 ) and V is the solute molar volume at boiling point (m 3 /kmol).
For axial diffusion of solute in the solvent, dispersion coefficient, D L is formulated as follows [34] :
where Pe is the Peclet number which can be calculated by:
Lastly, overall mass transfer coefficient (k p ) is sometimes preferable rather than individual coefficients such as D e , k c and D L . This overall mass transfer coefficient, k p , is estimated according to Zhiyi et al. [21] : 
Simulation results and discussion
Modeling and simulation were performed by solving eqs. (23) and (24). Parameters and constants used in these modeling and simulations are summarized in Tables 3 and 4 .
Mass transfer coefficients
The values of the estimated mass transfer coefficients are summarized in Table 5 .
The values are consistent with the data from Araus et al. [38] Source: *Geankoplis [36] , **Wikipedia [37] , ***Zhiyi et al. [21] ,****Goto et al. [34] . summarizes comparisons of mass transfer coefficient values obtained from this study and other works. From the tables above, it is also evident that the values of both internal (D 12 and D e ) and external (k c and D L ) mass transfer coefficients varies depending on operating conditions. Therefore, optimal operating conditions are essential to ensure the optimal extraction processes.
Mass transfer correlations
There are few existing mass transfer correlations for supercritical fluid flow inside the packed bed. Lim et al. [47] proposed eq. (31) to describe mass transfer correlation between fluid and solid in a packed bed.
where Sh is Sherwood number, Re is Reynold number, Sc is Schmidt number and Gr is Grashof number. Re and Sc are defined by eqs. (32) and (33) .
The relation between Sherwood number, Sh, and external mass transfer, k c (m/s) can be defined by equation below [8] :
where d p is the particle's diameter (m). It has been agreed that at the same Reynold number, the effect of buoyant forces in supercritical fluids is more significant compared with in normal liquids. As indicated by Debenedetti and Reid [48] , the buoyant effects are one of the main factors in supercritical fluids because for the high densities or low dynamic viscosities, the fluids exhibit very small variations in kinematic viscosities. However, the effect of Reynold number is not significant when natural convective mass transfer is controlling the overall process. Therefore, mass transfer correlation becomes
On the other hand, if forced convective mass transfer is the controlling factor, Grashof number is no longer significant and mass transfer correlation can be simplified into the following equation
Some studies suggested that generally the correlation of Sherwood, Reynold and Schmidt numbers can be expressed as follows [49, 50] :
Lim et al. [47] pointed out that above the critical pressure, forced convection is the dominant process. Therefore, in this work, forced convection was the dominant process since all experimental pressures were greater than critical pressure of CO 2 . Consequently, mass transfer correlation adopted in this study is eq. (37) .
Experimental data and obtained mass transfer coefficients were used to calculate Sherwood, Reynold and Schmidt numbers. Then, these data were fit into eq. (37) according to a flowchart shown in Figure 8 . These Sherwood formulae, the predicted Sherwood numbers using this correlation were compared to the actual Sherwood numbers calculated from the experimental data and the obtained mass transfer coefficients. These comparisons with the percentage of error are tabulated in Table 7 and it was found that the percentage of error of the predicted Sherwood numbers are less than 0.02% compared to the actual Sherwood numbers. This correlation is also benchmarked with some existing mass transfer correlations as summarized in Table 8 . 
Conclusions
Bioactive compound, namely piperine, was extracted from Sarawak black pepper using supercritical CO 2 extraction. Throughout the experiments and by performing statistical analysis of the experimental data, the effects of pressures, temperatures, CO 2 flow rates, particle size of black pepper and the two-factor combinations of them on the yields of pepper oil were respectively evaluated. The most effective parameters for pepper oil extraction were found to be pressure and particle size diameter. Thus, adjusting combinations of pressure and particle size can give great impact to the yield of the extraction.
Modeling and kinetic study of the supercritical extraction of black pepper oil was performed based on differential mass balance equations. These differential equations were developed to describe both internal and external mass transfer phenomena of the process. By a series of finite difference analyses and estimation of constants/parameters using empirical formulae, these equations were solved to obtain mass transfer coefficients. Mass transfer correlation was also developed and it was found that the best correlation model is Sh 
